permeability barrier of the membrane must be maintained throughout to avoid the metabolic consequences of unregulated calcium ion release from the ER lumen into the cytoplasm. These superimposed mechanistic demands require the coordinated cooperation of the 
the translocon. Furthermore, this identification is compatch on the surface of the exit tunnel that would nucleate, via hydrophobic interactions, the folding of a nonmunicated more than 150 Å across the ER membrane and involves, at a minimum, a ribosomal component, a polar stretch in the nascent chain into an ␣ helix. They further suggested that if the putative ribosomal site were membrane component, and a lumenal component (Liao et al., 1997; Haigh and Johnson, 2002) .
sensitive to the length of any helix formed by the nascent chain, then the ribosome could distinguish between How does the ribosome identify a nascent chain as a membrane protein? The unique feature of every mem-TMS and non-TMS hydrophobic sequences. The primary element of this speculative model was therefore brane protein is the TMS, a stretch of about 20 mostly nonpolar amino acids. Since BiP-mediated closure of a ribosome-induced folding of the nascent chain inside the exit tunnel. the lumenal end of the pore occurs after the TMS has been synthesized and is located only four amino acids When the high-resolution crystal structure of a large ribosomal subunit was solved three years later, the exit away from the peptidyltransferase center (PTC), Liao et al. (1997) proposed that the ribosome is capable of tunnel appeared to have no large nonpolar patches and was barely able to accommodate an ␣ helix at its narrowrecognizing a TMS when it is far inside the ribosomal nascent chain exit tunnel. Such recognition would reest point . On the other hand, an elongated ribosomal protein, L22, was exposed to both quire a means for discriminating between a legitimate TMS and a stretch of nonpolar amino acids that is too the exit tunnel surface near the PTC and the outer surface of the subunit near the tunnel opening (exit site). short to serve as a TMS (10 As for the structural constraints, the experiments of site in the same or different molecules. After excitation by the absorption of a photon, the donor dye can transfer Liao et al. (1997) were done with wheat germ ribosomes, and the exit tunnel in the larger eukaryotic ribosomes its excited state energy to a second chromophore or dye (the acceptor) without the emission of a photon. may be large enough to accommodate a nascent chain ␣ helix. It is also possible that conformational changes
The efficiency of this transfer depends on, among other things, the extent of overlap of the donor emission and during translation may alter the size of the exit tunnel and/or the exposure of a nonpolar surface to the tunnel. acceptor absorption spectra, the relative orientation of the transition dipoles of the donor and acceptor, and For example, cryo-EM image reconstructions indicate that the size of the entrance to the exit tunnel differs for the distance between donor and acceptor dyes. The distance at which the efficiency (E) of energy transfer translating and nontranslating ribosomes (Gabashvili et al., 2001) , and another study has shown that the binding from the donor to the acceptor is 50% is designated R 0 . Since E is equal to R 0 6 /(R 0 6 ϩ R 6 ), E is strongly dependent of an antibiotic inside the tunnel causes the extended ␤ hairpin loop of L22 to move into the tunnel and block upon R, the distance separating the donor and acceptor. To detect whether a nascent chain TMS folds in the it (Berisio et al., 2003) .
The sensitivity of the ribosome to the nascent chain exit tunnel, the donor is positioned at one end of the TMS and the acceptor is located at the other end, thereby is also shown by its regulation of translation (Tenson and Ehrenberg, 2002) . For example, a specific sequence separating the probes by 24 residues ( Figure 1B ). If these 24 residues are in an extended conformation, then the in nascent SecM appears to bind to L22 and/or 23 rRNA at a constriction in the tunnel, thereby stalling translation two probes will be far apart and have a low FRET efficiency. However, if the intervening 24 residues fold into and stimulating translation of the downstream SecA coding sequence in the mRNA when cellular protein a more compact conformation such as an ␣ helix, then the probes would be much closer together (residues are export is insufficient (Nakatogawa and Ito, 2002). Also, TnaC nascent chain interactions within the tunnel can separated by 3.5 Å when fully extended and by 1.5 Å along the axis of an ␣ helix) and E would increase drastall translation and thereby regulate the transcription of the tryptophanase operon (Gong and Yanofsky, 2002) .
matically. Thus, we will compare E for two nascent chains in the tunnel, one with the dyes separated by a Folding of the nascent chain into a stable tertiary structure inside the exit tunnel would appear to be prenon-TMS sequence that is predicted to be fully extended (Whitley et al., 1996) and one with the same dyes sepacluded by its size until the tunnel widens near its exit site . Consistent with this view, previous rated by a TMS that is proposed to fold (Liao et al., 1997) ( Figure 1C ). studies of nascent chain folding using a variety of indirect experimental approaches suggest that any tertiary Donor emission intensity is reduced by FRET, and the magnitude of this decrease is used to determine E. of DA corrects for any signal due to direct excitation of Here we show directly, using fluorescence resonance the acceptor. E is then calculated most accurately by energy transfer (FRET) between two dyes at defined comparing the net donor emission intensities of the D sites within the same nascent chain, that a TMS in a and DA samples to determine the acceptor-dependent nascent membrane protein folds into a compact confordecrease in donor emission. One can also detect FRET mation near the PTC. This folding is induced and stabiby a donor-dependent increase in acceptor emission, lized by the ribosome, and it persists as the TMS moves but quantifying this increase is more difficult because down the tunnel, enters the translocon, and inserts into of the spectral overlap of the donor and acceptor emisthe bilayer. In contrast, a nascent secretory protein is sions. in an extended conformation inside the tunnel. FurtherThe only way to position a probe selectively in the more, two ribosomal proteins photocrosslink to nascent nascent chain in the presence of ribosomes and micromembrane but not secretory proteins. Taken together, somes is to incorporate the dye into the nascent chain these results suggest a sophisticated mechanism by as it is being synthesized by the ribosome. To do this, which the ribosome recognizes nascent membrane proone requires an aminoacyl-tRNA that recognizes a parteins and regulates macromolecular interactions on both ticular codon, but incorporates an amino acid analog sides of the ER membrane to accomplish integration with a fluorescent dye covalently attached to its side while maintaining the permeability barrier. However, not every lysine and amber codon will incordon will then contain an acceptor; the terminated nascent chains will contain no dyes and will be invisible porate a fluorescent amino acid. Amber suppressor tRNAs (tRNA amb ) and termination factors compete for in our experiments. The donor dye will then be incorporated into only 25%-30% of the nascent chains that are every amber stop codon during translation, and about 50% of the nascent chains are typically terminated at extended beyond the amber codon, but most importantly, every nascent chain with a donor dye will also an amber stop codon in our samples. Furthermore, LystRNA Lys analogs added to a translation must compete contain an acceptor dye. Thus, an amber stop codon was introduced at residue 64 and a lysine codon at for each lysine codon with endogeneous unmodified Lys-tRNAs, and typically only 25%-30% of the lysines position 88 in each of three previously characterized constructs (see Experimental Procedures) to create incorporated at a lysine codon under our conditions are modified lysines (Krieg et al., 1989). Thus, the ordering pPLDA and 111.5pDA, two soluble secretory proteins, and 111pDA, a signal-cleaved single-spanning memof the lysine and amber codons in the mRNA and of the donor and acceptor dyes in the nascent chain is brane protein containing the TMS of the vesicular stomatitus virus G glycoprotein within the 24 residues that absolutely critical if one is to do the FRET experiments properly. E can be calculated directly from the net donor will separate the BOF donor and BOP acceptor (Figure 1C ). emission intensities of the D and DA samples only if every nascent chain with a donor also contains an acFully assembled translation intermediates with nascent proteins of a defined length were prepared by ceptor. If not, the measured E values must be normalized to account for the fraction of donor-labeled nascent translating mRNAs that were truncated in the coding region. Ribosomes initiate normally on such mRNAs and chains that lack an acceptor, and this factor can only be determined by very difficult biochemical and chemitranslate to the end of the mRNA whenever the amber stop codon is translated by an amber suppressor tRNA cal analyses.
To ensure that every nascent chain with a donor also in the incubation. The nascent chain then remains bound to the ribosome as a peptidyl-tRNA because there is no contains an acceptor, one must position the amber stop codon before the lysine codon in the mRNA, and then other stop codon to effect termination. When transla- only in the nascent chain, the sequence that separates the dyes in the two cases must be responsible for the Intermediates with longer nascent chains also had low E values when at least one of the probes was inside the observed difference in E. Thus, whereas the sequence separating BOF and BOP in pPLDA was in an extended ribosome ( Figure 3C ; the predicted probe locations are shown in Figure 3A) . The increase in E observed with conformation, the TMS in 111pDA folded into a compact structure that increased probe proximity. Furthermore, pPLDA 130 Figure 4A ). E was length inserted protein ( Figure 5B ) and the nascent chains in membrane bound RNCs ( Figure 3D ) (the E somewhat less for 111pDA 90 in free than in membrane bound RNCs (Figures 4B and 3D) , but was substantially values are the same within uncertainty, and R differs by only 2 Å ) strongly suggests that the compact conformahigher than for pPLDA 90 ( Figure 3C) . Thus, the TMS in short 111pDA nascent chains folds inside the tunnel tion into which the TMS folds inside the tunnel is an ␣ helix or close to it. whether or not the ribosome is bound to the translocon. Does the TMS fold spontaneously into a stable comDye Orientation Effects 2 , a geometric factor that depends on the relative orienpact conformation? Very few polypeptides form ␣ helices by themselves in aqueous solution; most helices are tation of the donor and acceptor dyes, cannot be determined experimentally in a nonrigid system. Thus, R 0 stabilized by associating with or inserting in a nonpolar protein or membrane environment or surface. Here we is customarily calculated by assuming that the relative orientation of the donor and acceptor transition dipoles observed a severe decrease in E when the probes flanking the TMS in 111pDA 120 both emerged from the ribois dynamically randomized during the excited state lifetime of the donor so that 2 ϭ 2/3. This approximation some ( Figure 4B ). Since the spectral parameters (e.g., anisotropy) were the same when the probes were either yields values for R that typically differ by less than 10% from those determined by crystallography when such inside or outside the ribosome (data not shown), the observed decrease in E can only be caused by a signifi- Figure 6B , lanes 4-7, conclusion is further supported by the fact that the an-
13, 14). isotropy did not change when BOF or BOP moved from
The photocrosslinking of ribosomal proteins to the inside to outside the tunnel in free RNCs. The above nascent chain depends upon its length. Both nascent anisotropies yield a maximum range of 0.11 to 3.1 for secretory and membrane proteins photocrosslinked to 2 in our samples (Dale et al., 1979) . This corresponds the 40 kDa ribosomal protein when the probe was loto a Ϫ25% to ϩ29% maximum uncertainty in R 0 due to cated 11 amino acids from the PTC, the earliest stage orientational effects. However, as we have discussed examined here ( Figure 6B, lanes 1 and 8) . Increasing and referenced thoroughly in previous studies (Johnson the pPL-K nascent chain length did not alter its photoet al., 1982; Watson et al., 1995), the actual uncertainty crosslinking target ( Figure 6B, lanes 8-14) . However, is closer to 10%, largely because of the statistical imextending the 111p nascent chain by 5 amino acids probability of some dye orientations (Hillel and Wu, 1976;  resulted in the appearance of crosslinks to the 18 kDa Stryer, 1978; Wu and Brand, 1992) and the flexibility of ribosomal protein ( Figure 6B, lane 2) . When the 111p the dye tethers (Wu and Brand, 1992). But most impornascent chain was lengthened an additional 2 amino tant for the results reported here, one can accurately acids, significant 111p photocrosslinking to the 7 kDa detect changes in the relative location of two dyes by ribosomal protein was observed in addition to the 18 changes in E. Thus, the existence of a TMS-dependent and 40 kDa photoadducts ( Figure 6B, lane 3) . The TMS difference in E for nascent secretory and membrane environment therefore changed as it moved through proteins reveals important mechanistic aspects of nathe tunnel. scent chain folding and the integration process even if To ascertain whether the above results were depenthe measured distances cannot be precisely related to dent on probe location, we positioned a photoprobe at polypeptide conformation. 
TMS differed markedly for the three intermediates. No predict crosslinking to occur from residue n in 111p 91
RNCs and also from residue n ϩ 2 in 111p 93 RNCs. But crosslinking to the two smaller ribosomal proteins was observed at any probe location for the 111p 86 RNC (Figthat is not what happens (compare 73 and 74 in Figure  6D with 75 and 76 in Figure 6E ). Thus, nascent chain ure 6C). Yet photocrosslinking to the 18 kDa protein occurred from three of the seven probe sites in the photocrosslinking to the 18 kDa ribosomal protein is not dictated solely by the location of the probe in the tunnel. TMS in 111p 91 RNCs ( Figure 6D ). In addition, some weak photocrosslinking to the 7 kDa protein was seen in Instead, the different photocrosslinking patterns indicate that the ribosome conformation changes during 111p 91 RNCs (Figure 6D ), most notably with the probes located further down the tunnel. In the case of 111p 93 steps i and ii in Figure 1A , thereby altering the position of the 18 kDa ribosomal protein relative to the TMS in RNCs, ANB at three of seven sites reacted covalently with the 18 kDa protein, and six of seven ANB locations the 111p nascent chain. Yet no such conformational change was observed in the absence of the TMS. photocrosslinked to the 7 kDa ribosomal protein (Figure 6E) .
Most importantly, the pattern of 18 kDa protein photoDiscussion crosslinking differed for 111p 86 backbone by lysine side chain tethers that are about 12 Å long when fully extended. Although the dyes could, Second, this folding can occur far inside the tunnel and close to the PTC. Third, this folding occurs when the in principle, sample the space extending 12 Å on all sides of the backbone attachment site, the dyes do not nascent chain contains a TMS, but not when the nascent chain contains a sequence of ten nonpolar residues. appear to enter the nonpolar core of the bilayer (see below). Instead, the dyes only sample the hemisphere Fourth, this folding is ribosome induced and is not stable by itself in aqueous solution. Fifth, the folded conformathat does not include the membrane interior. Given this restriction, the dyes will, on average, be positioned furtion is retained as the TMS moves through the tunnel and into the translocon. Sixth, the folded TMS conformather from the membrane core than their lysine attachment sites, and 7 Å seems very reasonable for a 12 Å tion is compatible with an ␣ helix. Seventh, a TMS in the tunnel photocrosslinks to two ribosomal proteins tether. It is also important to note that the separation between that are not photocrosslinked to a nascent secretory protein, which suggests that these ribosomal proteins the two dyes is much more than the thickness of the membrane interior. Thus, the dyes are not buried in the are directly involved in the recognition of TMSs and hence nascent membrane proteins.
bilayer core because their separation would then be less than 30 Å . Instead, the dyes are preferentially located In addition, TMS proximity to different ribosomal proteins inside the exit tunnel shown here exactly coincides in the interfacial region. Since the dyes do not partition into the hydrophobic membrane core, the dyes are not with previously determined changes in nascent chain exposure to the cytoplasmic or lumenal side of the ER likely to adsorb to nonpolar ribosomal sites or to the TMS inside the tunnel. This conclusion is fully supported membrane. When a RNC forms an ion-tight junction with the cytoplasmic end of the translocon and the pore is by the anisotropy data and by the long distance separating the dyes in 111pDA , where R 0 is in Å , Q is the quantum yield of the donor in the absence of the acceptor, J DA is the teins (Figure 6 ). Finally, fluorescence lifetime and collisional quenching experiments show that nascent secrespectral overlap integral, and n is the refractive index of the medium between donor and acceptor. Q and J DA tory proteins are in an aqueous environment inside the ribosome and the translocon during translocation and were the same for the pPLDA and 111pDA RNCs (not shown), while changes in n are too small and in the that this aqueous space is contiguous with the ER lumen (Crowley et al., 1994) . These nascent chains are not wrong direction to be responsible for the observed change in E. Since the dye anisotropies were the same exposed to cytosolic quenching agents because the ribosome forms an ion-tight junction with the translocon for both pPLDA and 111pDA, changes in the 2 orientation factor could not account for the observed difference that seals off the nascent chain from the cytosol. In contrast, the high E between two probes positioned in E. Thus, the much higher E observed with 111pDA than with pPLDA is due almost solely to a decrease in at opposite ends of a TMS shows that this portion of a nascent membrane protein folds into a compact conforthe distance between the dyes.
Is the E measured for the integrated TMS reasonable? mation almost immediately after the 20 residue TMS is synthesized at the PTC ( Figure 3D) . Since E was very Since E ϭ Figure 3D ), but the BOF and BOP are covalently linked to the polypeptide TMS was unfolded (had a low E) after emerging from a free ribosome ( Figure 4B ). The inability of the TMS in 111pDA 130 to fold in aqueous solution has major ramifications. This result reveals that TMS folding is stabilized by a direct interaction between the nascent chain and the ribosome. Such an interaction most likely involves the association of the nonpolar residues of the TMS with a nonpolar site(s) on the surface of the tunnel that induces the folding of the TMS into a compact structure. Whatever the mechanism, the FRET-detected difference in nascent chain conformation between secretory and membrane proteins is elicited by, and hence is an intrinsic property of, the ribosome because the ribosomeinduced change is observed with free ribosomes.
The environment of a TMS also differed from that of a non-TMS inside the ribosome since the TMS was found by photocrosslinking to be adjacent to 18 and 7 kDa ribosomal proteins in addition to a 40 kDa protein (most . But whereas L4 is located on the subunit surface in the H. marismortui large ribosomal subunit crystal near the L1 protuberance, L17 is positioned on the surstructure: L4, L22, and L39e. Since we detect nascent face very near the exit site where it could interact directly chain photocrosslinking to only three ribosomal proteins with translocon proteins. Thus, the L17 ribosomal proin our experiments (Figure 6 ), it seems likely that the tein that photocrosslinks selectively to a TMS is an exwheat germ ribosomes also have only three proteins cellent candidate for detecting the ribosome-induced exposed to the tunnel. This conclusion is further supfolding of the nascent chain TMS with the far end of its ␤ ported by the fact that we observed the same ribosomal hairpin extension and then undergoing a conformational photoadducts and photocrosslinking pattern when change that extends to the surface-exposed domain of 111p (75) 
